strong dynamic nuclear polarization at room temperature, desirable for practical device applications.
Spintronics is a new paradigm for future electronics and photonics which explores the spin degree of freedom instead of or in addition to electron charge [1] [2] [3] [4] [5] [6] [7] . Among many formidable challenges, efficient nuclear spin hyperpolarization and manipulation at room temperature (RT) are essential to the success of future solid-state quantum computation using nuclear spin qubits [8] [9] [10] [11] [12] [13] [14] [15] [16] , as well as in highly sensitive magnetic resonance imaging (MRI) 17, 18 .
The most common approach employed so far in achieving nuclear spin hyperpolarization is based on dynamic nuclear polarization (DNP). By strongly deviating electron spin distribution from thermal equilibrium by an external means, subsequent electron spin redistribution towards thermal equilibrium can trigger electron-nuclear (e-n) spin transfer leading to nuclear spin imbalance that can be several orders of magnitude larger than that in thermal equilibrium.
When microwave saturation 19 or optical electronic saturation 20, 21 that attempts to equalize populations between Zeeman-split electron spin sublevels is employed as an external driving force, the enhancement in nuclear spin polarization (P N ) relies on a large electron spin polarization degree in thermal equilibrium. Therefore, it is only restricted to very low temperatures and requires a strong external magnetic field. An alternative approach by optical pumping, on the other hand, is free from these restrictions because a large electron spin imbalance can now be generated by optical pumping and no spin imbalance is required in thermal equilibrium. As a result, DNP by optical pumping should in principle be capable of generating strong P N even at RT. This approach is especially attractive for semiconductors, where the selection rules for the band-to-band optical transitions allow selective spin generation of conduction-band electrons by circularly polarized light -an approach commonly referred to as optical orientation 22 . Though efficient DNP by optical orientation has indeed been demonstrated at low temperatures for decades 22, 23 , its realization at RT is practically non-existing. The main problem lies on rapidly accelerated spin relaxation of conduction-band electrons at RT known in semiconductors 2, 22 , which diminishes the effect of optical spin orientation. This leads to weak spin polarization (close to the thermal equilibrium value) for both conduction-band electrons and electrons localized at defect centers that are coupled to local nuclear spins, making DNP improbable. The only exception when a combination of optical and microwave pumping has made RT nuclear spin polarization possible is the recent demonstration of a quantum register based on 13 C nuclear spins neighboring the nitrogen-vacancy center (NV) in diamond 12 .
In this case, the problem was circumvented by directly generating electron spin polarization at the defect center via resonant optical excitation of the localized states without involvement of conduction-band electrons 12 and thereby removing the restriction imposed by strong conduction-band electron spin relaxation. Further extending to solids in general, perhaps the only other exceptional case when RT DNP was possible is the polarization transfer from the photo-exited triplet state of the guest pentacene molecule to the protons of the naphthalene host molecular crystal 24 . A similar approach to the NV center in diamond was used, namely by resonant optical excitation of localized electron spin state.
In this work, we seek for an alternative solution by directly tackling the problem of conduction-band electron spin polarization at RT. This approach is attractive as it involves spin-polarized conduction-band electrons that can be generated by optical pumping or electrical spin injection, which paves a way for electrical control of DNP at RT -a desirable property for practical device applications. It also provides a means to polarize nuclear spins of different paramagnetic centers and also host atoms all at once, which is relevant not only to significant enhancement of sensitivity at RT for nuclear magnetic resonance imaging but also to initialization of nuclear spin qubits that are not directly accessible by resonant optical excitation. Our approach exploits the recently discovered defect-engineered spin filtering effect 25 , which has been demonstrated to be capable of generating strong spin polarization of conduction-band electrons in a semiconductor at RT. Strong conduction-band electron spin polarization of >40% can be obtained at RT in Ga(In)NAs by spin filtering through Ga i interstitial defects [25] [26] [27] [28] [29] . By taking advantage of the spin-filtering effect and going beyond merely generating conduction-band electron spin polarization that was the focal point of the previous studies [25] [26] [27] [28] [29] , we shall show in this work that strong and efficient nuclear spin polarization of the core Ga atom of the Ga i defects can be achieved at RT by optical orientation. This represents the first demonstration of DNP of a defect nucleus induced by optical pumping of conduction-band electrons at RT in a semiconductor.
Results
Principle of the spin-filtering enabled nuclear spin hyperpolarization. The principle of the proposed DNP process is schematically shown in Fig.1 . For simplicity, we take as an example a simple e-n spin system with a single unpaired electron (S=1/2) localized at a defect and a nuclear spin I=1/2 of the defect atom ( Fig.1a-d ). Four relative orientations between the electron and nuclear spins are possible, i.e. ↑⇑, ↑⇓, ↓⇑ and ↓⇓. Here, the first and second arrows represent electron and nuclear spin orientations, respectively. As described in detail in the Methods section, when the defect-engineered spin filtering is in action, the four possible spin configurations will follow the paths illustrated by the dashed arrows shown in Fig.1a-d and will all eventually end up with ↑⇑ as the final and stable spin configuration. In other words, a combined effect of spin-dependent recombination (SDR) and hyperfine (HF) coupling can align both localized electron spin and nuclear spin towards the direction of the conduction-band electron spins generated by the spin-filtering effect, and will lead to strong spin polarization of both electron and nucleus at the defect. It should be pointed out that the principle described above should remain valid even when the conduction-band electrons are not completely spin polarized, though a less efficient DNP process could be expected in such a case. The described physical principle of the DNP process can easily be extended to other more complicated e-n systems, such as that studied in this work with S=1/2 and I=3/2 as illustrated in Fig.1e . They only differ by the number of steps of the SDR and e-n spin flip-flop process required before complete nuclear spin polarization can be achieved. Here, <B N > denotes an average local nuclear field within the volume of a sample that is subject to optical excitation. As spin polarization and total concentration of conduction-band electrons are inter-connected by the defect-engineered spin filtering effect [25] [26] [27] [28] [29] , see
Supplementary Figure S1 , <B N > can be conveniently measured by monitoring either circular polarization or total intensity of the band-to-band photoluminescence as a function of B z .
Typical experimental results obtained at RT from a GaNAs epilayer are shown in Overhauser shift is found to decrease with decreasing excitation power, as shown in Fig.2c and d, which is largely expected for a dynamic process such as DNP. The Overhauser shift and its dependence on optical pumping power can be observed in all studied GaNAs samples as long as the defect-engineered spin filtering effect is active. The exact <B N > value varies between the samples, however, critically depending on the N composition of the alloys and post-growth treatments 25, 30 . As examples, the |<B N >| values from two GaNAs samples of different N compositions are shown in Fig.2d as a function of optical pumping power.
To obtain a quantitative understanding of the relevant processes leading to the observed DNP, we have carried out a detailed analysis of the DNP process with the aid of coupled rate equations including all relevant electron-nuclear spin sublevels. By self-consistently and simultaneously fitting both the experimentally measured conduction-band electron spin polarization and the nuclear field with the same set of parameters, we are able to obtain a good agreement between the simulated and measured results of |<B N >| and P N as a function of optical pumping power as shown in Fig.2d . A detailed description of the rate equation
analysis is given in the Supplementary Methods. . This should increase the efficiency of the spin-filtering effect 25 , leading to stronger electron spin polarization and thus
DNP.
Optically detected magnetic resonance. To identify the microscopic origin of the observed
Overhauser shift and the associated nuclear field, we resorted to the optically detected magnetic resonance (ODMR) technique As the magnetic-dipole transition probability and lifetimes of the spin sublevels are expected to remain the same over the field range of the ODMR transitions, the intensity of each ODMR line provides a direct measure of the relative concentration of the defect in a given nuclear spin state and isotope. Judging from the relative intensity of the low-field and high-field ODMR lines, see Fig.3b , it is apparent that optical pumping indeed leads to nuclear spin polarization, with σ + and σ -light favoring the spin-down and spin-up nuclear spin orientation, respectively. This can be explained by e-n spin flip-flops driven by the nonsecular HF interaction, as schematically illustrated in Fig.3c . Under σ -excitation, spin-up conduction-band and defect electrons are preferably generated leading to a large deviation of the electron distribution from thermal equilibrium. This will trigger the e-n spin flip-flops governed by the operator We can also safely rule out a possible, sizable contribution to the observed Overhauser field from nuclear spin polarization of the ligand atoms or host atoms surrounding the defects, because it would otherwise cause a noticeable shift of the ODMR lines that was not observed in our experiments. This leaves DNP of the central Ga atom of the Ga i defects as the main source of the Overhauser field observed at RT. Though the Overhauser field cannot be determined at RT simultaneously by optical polarization and ODMR, due to the instrumental limitation for the latter as described in the Methods section, this conclusion is supported by the following experimental findings. Firstly, the Ga i defects have been identified as the source of the defect-engineered spin filtering/amplification effect that has led to strong spin polarization of conduction-band electrons 25, 32 . From Hanle experiments, conduction-band electron spin polarization at RT is nearly entirely governed by the spin polarization of the electron localized at the defect 32, 33 . It is therefore natural to expect that even a slight ).
We should point out that the nuclear field induced by the nuclear spin polarization of the Ga atom at the defect core is directly experienced by the electron localized at the defect.
The conduction-band electrons only indirectly sense it as the efficiency of the spin-filtering effect via the defect is determined by the defect electron spin polarization, which is the weakest when the external magnetic field cancels out the nuclear field. Therefore this work has also provided an unusual and attractive approach where conduction-band electrons can be employed to sense a local nuclear field without actually experiencing it directly, such that the electronic structure and spin configuration of the conduction-band electrons remain intact.
The speed of DNP is an important factor for practical applications as it determines the initialization speed of nuclear spin qubits or the rate of nuclear spin hyperpolarization for MRI. To evaluate the speed of the studied DNP of the defect nucleus, we performed optical orientation studies at RT by applying alternating circularly polarized light between σ + and σ Fig.4c , which is equivalent to a subtraction between the two curves in Fig.4b . The observed derivative-like response is a result of the opposite Overhauser shifts occurring under σ + and σ -excitation. A similar result is also obtained under alternating circularly polarized light excitation at 100 kHz, shown by the lower curve in Fig.4c . This must mean that the DNP process of the defect atom is remarkably fast, with a build-up time of < 5 µs -shorter than the response time of our instruments. This finding is in good agreement with the short τ A determined from the RT Hanle measurements (Fig.3e) and the rate equation analysis (Figs.2d and 3d ).
To provide useful physical insight into the key factors that can be tailored to optimize the DNP process, we performed a detailed rate equation analysis of P N as described in the Supplementary Methods. The results are partly displayed in Fig.5 . As expected, τ A plays a key role in the DNP efficiency. To build up strong DNP, τ A should be shorter than "pure" nuclear spin relaxation time (τ N ), which causes nuclear spin leak. By decreasing τ A , a larger B N and stronger P N can be obtained. In combination with the measures to increase the efficiency of the spin filtering/amplification effect, e.g. by increasing electron capture coefficient γ e and/or the concentration of the spin-filtering defects (N c ), complete nuclear spin polarization can be achieved at RT as shown in Fig.5 . This is possible even when the initial spin polarization of conduction-band electrons generated by optical pumping is very low, e.g.
i e P =5% as assumed in the simulations shown in Fig.5 .
In summary, we demonstrated the realization of efficient, optically pumped DNP in a semiconductor at RT by a combined effect of SDR and HF coupling facilitated by the defectengineered spin filtering. We provided direct experimental evidence from ODMR that identifies the origin of the observed DNP as being due to nuclear spin hyperpolarization of the central Ga atom of the Ga i defect in GaNAs. We further showed that the observed DNP is very fast at RT, and can be completed within < 5 µs. Though the RT DNP was demonstrated by optical pumping of conduction-band electrons, spin-polarized conduction-band electrons could also be provided by the alternative means of electrical spin injection. The physical principle of the DNP process is identical between the optical and electrical methods, apart from optical pumping vs. electrical injection. The proposed new approach could thus pave a way to overcome a major obstacle in achieving strong DNP at RT, which could allow efficient and fast initialization as well as computation if manipulation of nuclear spin qubits is to be carried out via electron-nuclear spin coupling. More significantly, it could enable these operations to be functional at RT that is highly desirable for practical applications of quantum computation using nuclear spin qubits. In terms of highly sensitive MRI, the impact of strong and efficient RT DNP is obvious as the sensitivity of MRI is directly linked to the degree of nuclear spin hyperpolarization. Our approach has an added advantage in enabling highly sensitive MRI agents to be prepared at RT in weak or even zero field.
Methods
Samples. The studied GaNAs samples were grown by gas-source or solid-source molecular an external magnetic field applied along the z axis. To obtain strong DNP at RT, a high defect concentration and high optical excitation power are required. Both lead to acceleration of capture and recombination processes of conduction-band and defect electrons, which become extremely fast (<100 ps). This is much faster than the time response of photo-detectors available today for the concerned spectral range and microwave-induced spin transition rates, by more than three orders of magnitude, making ODMR signals too weak to be detectable at RT. Therefore, ODMR was performed at a low temperature (<50 K), when significant slowdown of carrier capture and recombination processes via the defects makes ODMR studies of DNP possible. Nevertheless the electron-nuclear spin flip-flops induced by the hyperfine interaction, which leads to the observed DNP, should persist to RT as the process itself is expected to be insensitive to temperature.
Physical principle of DNP driven by SDR and HF interaction. For simplicity, we take as an example a simple e-n spin system with a single unpaired electron (S=1/2) localized at a defect and a nuclear spin I=1/2 of the defect atom (Fig.1a-d) . Four relative orientations between the electron and nuclear spins are possible, i.e. ↑⇑, ↑⇓, ↓⇑ and ↓⇓. Assuming that conduction-band electrons are completely spin polarized due to the spin-filtering effect, e.g.
spin-up under σ -optical excitation, the defect with a spin-up electron (Fig.1a-b) will not (Fig.1b) , on the contrary, the HF coupling can cause a mutual spin flip-flop between the electron and nucleus by the term
. This leads to the ↓⇑ configuration, which is equivalent to the case with an initial spin-down electron and spin-up nucleus shown in Fig.1c . Now, capture of a second electron with ↑ from the conduction-band by the defect becomes possible. This capture process is very efficient (<30 ps) 25, 27 , making the reverse e-n spin flip-flop (i.e. ↓⇑→↑⇓) improbable. Once the defect is occupied by two spin-paired electrons, one of these two electrons can annihilate with a spin-unpolarized hole from the valence band. This will leave behind a localized electron that has a 50% chance of becoming spin-up. Repeated SDR processes as such will quickly convert the ↓⇑ configuration (Fig.1c) to the ↑⇑ configuration (Fig.1a) when both SDR and e-n spin flip-flops will cease to be active.
In the fourth configuration (i.e. ↓⇓ shown in Fig.1d) , the e-n spin flip-flip process driven by the operator
is inactive. The SDR process will quickly drive ↓⇓ to ↑⇓ followed by the HF-induced e-n spin flip-flop that leads it to the ↓⇑ configuration. As discussed above, SDR will finally drive it to the ↑⇑ spin configuration. Therefore, the four possible spin configurations for the localized electron and nucleus will follow the paths illustrated by the dashed arrows shown in Fig.1a-d and will all eventually end up with ↑⇑ as the final and stable spin configuration. In other words, a combined effect of SDR and HF coupling can align both localized electron spin and nuclear spin towards the direction of the conduction-band electron spins generated by the spin-filtering effect, and will lead to strong spin polarization of both electron and nucleus at the defect.
Spin Hamiltonian. The electron and nuclear spin levels of the Ga i defects with S=1/2 and I=3/2 can be described by the following spin Hamiltonian
Here, the first and second terms are the electronic Zeeman and HF interaction, respectively. In the field range of our ODMR experiments, the first term is dominant. The nuclear Zeeman term is more than three orders of magnitude weaker than the electronic Zeeman term and can therefore be neglected here. . These values slightly vary depending on the exact form of the Ga i interstitial defect, which can be modified under different growth conditions and post-growth treatments 25, 30 . For the samples shown in Fig.2 
